Oxygenation Catalyst, Cobalt Schiff-Base Complex, Crystal Structure, Electrochemistry N,N'-Bis(salicylidene)ethylenediaminatocobalt(III) hydroxide is treated with chloroform in methanol to yield the corresponding chloride in pure, crystalline form. Results of the crystal structure determination compare well with those in earlier reports of dimeric [Co(salen)Cl]2 units and incorporated CHC13 molecules. Electrochemical experiments in D M F and pyridine show that the chloride fully dissociates in these donor solvents. Thus, the quasireversible oneelectron reduction to Co(salen) is observed in cyclic voltammograms.
Introduction
N,N'-Bis(salicylidene)ethylenediaminatocobalt(II) [1, in the following: Co(salen)] catalyzes oxygena tion and oxidation reactions of organic substrates such as phenols, amines, imines and heterocycles [1] . It is regarded as a model for monooxygenase, dioxygenase, and peroxidase type enzymes [2] , Nishinaga [3] discusses a mechanistic hypothesis for the oxygenation of indoles with molecular oxy gen in the presence of Co(salen) and similar cobalt Schiff-base complexes in which the catalytically active species contains cobalt in the oxidation state -t-III. It is formed during an induction period at the beginning of the reaction and then regenerated during the catalytic cycle. Also, in the oxidation of sterically hindered anilines with /BuOOH/ Co(salen) Co(III) compounds seem to be involved [4] , In agreement with these mechanistic hypothe ses, electroanalytical studies show that the oneelectron oxidation product of Co(salen) is able to bind bases such as pyridine and OH~ (from N Bu4OH) or substrates as aromatic amines in equilibrium reactions [5, 6] , + Part 1: see ref. [5] .
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In order to investigate the fundamental redox and complexation reactions of the Co(salen) sys tem in various solvents [5] , we are interested in Co(III)(salen)+ salts which dissociate in solution to a large degree. These will be useful to study the solvation equilibria of the Co(III) species. They may also constitute improved catalysts for the oxygenation reaction, since they have not to be formed from the Co(II) species.
Co(salen) hydroxide (2) was suggested to be a catalyst [7] for the oxygenation reaction. Its prepa ration has been described by Tsumaki [8] and Nishinaga et al. [7] . It was, however, found from cyclic voltammetric experiments [6] tarting from the Co(III) species, since equili brium (2) Co(III)(salen)+ + OH" ;=± Co(III)(salen)OH (2) contributes to the overall process considerably. The undissociated hydroxide is not electroactive in the potential range investigated.
Tsumaki has reported the form ation of N,N'-bis(salicylidene)ethylenediaminatocobalt(III) chloride (3) from 2 and N H 4C1 in aqueous solu tion. Due to the less basic properties of the chlo ride ion as com pared to O H ', 3 may be a better candidate to study the reduction reaction in ( 1). An alternative approach to the synthesis of hexacoordinated Co(III) Schiff-base perchlorates by air oxidation was also given [9] .
The synthesis following Tsum aki's procedure in our laboratory, however, resulted in 3 of only low quality and in small yields. We now describe a sim ple m ethod to synthesize analytically pure, crystal line Co(III)(salen) chloride. As a means of identifi cation and to characterize the sample, the crystal structure was determined. Furtherm ore, the solu tion electrochemistry of 3 in D M F and pyridine was investigated and it will be shown that the quasireversible redox process ( 1) is not complicat ed by the association reaction of the cobalt(III) species with the chloride ion in these solvents.
Experimental Part

Synthesis N, N'-Bis (salicylidene) ethylene diaminatocobalt (III) chloride, C o (III) (salen)chloride (3)
A solution o f Co(salen)OH 2 [8] (250 mg, 0.73 mmol) in methanol (6 ml) was treated with CHC13 (24 ml), filtered and kept in a Petri dish un der an atm osphere saturated with CHC13 in a closed vessel (desiccator). After 3 d black prisms appeared, which were collected after 14 [10] by optimizing the settings of 25 reflections (Table I) .
D ata were collected at room tem perature with co/2,9-scans and graphite-m onochrom ated M oK a radiation. In the range o f S = 3 -2 3° 7066 intensi ties were recorded o f which 1144 unique values with I > 3<r(I) were used for the structure determi nation and refinement. The structure was solved by direct methods [11] and subsequent difference Fourier syntheses [12] . After refinement with iso tropic displacement param eters an empirical ab sorption correction [13] was carried out. Now anisotropic displacement param eters have been in troduced, and the H atom s were added as fixed contributions at their calculated positions (dc _H = 95 pm, B = 5 104 pm 2). Fractional coordinates and equivalent isotropic tem perature factors for the molecule are given in Table II . In the final re finement the secondary extinction coefficient [14] was taken into account affording an agreement factor o f R = 0.040, R w = 0.043.
Electrochemical experiments
The chloride 3 was investigated by cylic voltammetry in D M F and pyridine with tetra-«-butylam m onium hexafluorophosphate, NBu4PF 6, as supporting electrolyte in a concentration of 0.1 M. The working electrode was a Pt tip (electroactive area: 0.068 cm2) of M etrohm , Filderstadt, FRG . As the counter electrode a Pt wire was used. The working electrode was mechanically polished be fore each experiment. All potentials in this paper refer to the F c/F c+ (Fc = ferrocene) standard re dox couple [15] , which was used as external stand ard and whose potential was determined separate ly after each experiment. During the cyclic voltammetric experiments, the potential was controlled vs. a A g/Ag+ (0.01 M in C H 3CN/0.1 M NBu4P F 6) electrode. The solutions were deaerated with dry and deoxygenated nitrogen before the experiments and purged with nitrogen after each scan. D M F was purified according to Salbeck [16] and additionally passed over acidic alumina (Woelm, Eschwege, FRG ), activity I, in order to remove basic impurities. Pyridine was destilled un der nitrogen.
Cyclic voltam mogram s were recorded under variation of the potential scan rate (0.05 < v < 1.0 Vs-1) with a BAS 100 B Electroanalyzer of Bio- analytical Systems, West Lafayette, Indiana, USA. Background voltammograms were recorded be fore adding the cobalt complexes and subtracted from the current/potential curves found in the presence of the redox active species.
Results and Discussion
Formation o f 3
The formation of 3 may be explained by an a-elimination of HC1 from chloroform by the strong base OH" [equation (3) The Cl-ion formed combines with the Co(III)(salen)+ cation in an equilibrium reaction (4):
The chloride 3 is well soluble in D M F and pyri dine. In water the solubility is better than that of 1 and 2. From an aqueous solution of 3, AgCl pre cipitates after addition of A g N 0 3. The chloride is less soluble than Co(salen)OH in m ethanol and almost insoluble in CHC13. Thus, the solubility product is reached easily in the m ethanol/C H Cl3 reaction mixture and crystals are formed. During crystallization CHC13 is incorporated from the so lution.
Crystal structure o f 3 [Co(salen)Cl] forms centrosymmetrical dimeric complexes in which the cobalt(III) atom s are bridged by an oxygen atom of the salen ligand. T o gether with the chloro ligand in axial position and the four donor atoms o f the salen ligand in equato rial arrangement, the Co atom s achieve an octa hedral coordination (Fig. 1) .
The structure of [Co(salen)Cl]2 • 4CHC13 had al ready been solved by Wang, Huie and Schaefer in 1979 [18] . Our redetermination and refinement re sults in only small deviations from the previous values*.
The C o -O distances in the bridge are with dCo-o = 192.8(6) and 204.8(7) pm slightly differ ent. The longer bond is in the axial position. A shorter bond with a length of 188.2(7) pm is formed to the nonbridging oxygen atom 0 2 of the salen ligand. Com parable distances exist to the N atoms (Table III) . The bond lengths to the N and O atoms are in good agreement with the sum of the covalent radii [19] . The distance dCo_a = 227.6(3) pm corresponds to the expectation as well.
* Further details of the crystal structure investigation are available on request from the Fachinformationszentrum Karlsruhe, Gesellschaft für wissenschaftlich-technische Inform ation mbH, D-W-7514 Eggenstein-Leopoldshafen, on quoting the depository number CSD 56858, the name of the authors, and the journal citation. The bridging oxygen atom O 1 exhibits a pyram idal arrangement and is lying 47.6 pm above the plane through the neighbouring atom s Co, Co' and C 11. The relevant bond angles are in the range of 101.1° to 117.6° indicating a sp3 hybrid ization.
The crystal contains four chloroform molecules per dimeric complex (not shown in Fig. 1 ).
Cyclic voltammetry
Quantitative results from cyclic voltam mogram s of Co(salen) (for the electroanalytical investiga tion of this com pound in pure solvents, see also e.g. [20, 21] ; in mixtures of solvents, see [5] ) and Co(III)(salen) chloride 3 in D M F and pyridine are given in Table IV . Fig. 2 shows current/potential curves in pyridine.
The Co(II) Schiff-base complex shows -in ac cordance with reports in the literature [21] electron redox reaction (Fig. 2 a) . At a starting po tential £ start = -1.060 V (in D M F) or -1.365 V (in pyridine) no current flows. The prim ary peak in the cyclic voltam m ogram s is an oxidation peak. Upon reversal of the potential scan, a reduction peak is observed. The heterogeneous electron transfer rate constant as calculated from the peak potential separation A E is in the range of ks = 0.01 cm s_1, with only limited reproducibility. Its value strongly depends on the activity of the elec trode surface. The peak current ratio as calculated by the equation given by Nicholson [22] is 0.99 ± 0.01. Thus, no preceding or follow-up reac tions are coupled to the electron transfer. Formal potentials E° --0.471 ± 0.006 V in D M F and E° = -0.871 ±0.006 V in pyridine are calculated as the mean value of the respective oxidation and reduction peak potentials. These values are inde pendent of the scan rate v and the concentration c° of 1. In pure solvents at freshly polished electrodes, 3 gives cyclic voltam mogram s which show a quasireversible process with a prim ary reduction peak if the scan is initiated at EsUrt = -0.180 V (in DM F) or -0.365 V (in pyridine) (Fig. 2b) . Voltammo- grams of the chloride with and without incorpo rated CHCI3 were essentially identical. From the peak potentials in D M F a formal potential E° = -0.480 ±0.004 V is calculated in good agreement with the value from the experiments with 1. In pyridine E° = -0.880 ± 0.004 V is found, again identical to the formal potential determined from experiments on 1 within the error limits. The peak current ratio is 1.05 ±0.01 in D M F and 0.94 ± 0.03 in pyridine. The peak potential separa tion again strongly depends on the activity of the electrode surface. The activity is improved by me chanical polishing and decreases during several successive voltammetric cycles. As has already been found for Co(salen) in C H 2C12 solution [5] , adsorption of the oxidized species on the electrode surface may be the reason for this effect. The adsorbate possibly increases the activation energy needed for the electron transfer at the surface and thus decreases the heterogeneous electron transfer rate constant k s, resulting in an increase of AEp.
Thus, no numerical value for the k s was calculat ed from the experiments. In D M F the rate tends to be somewhat smaller than that determined from the Co(II)(salen) experiments. This can also be seen from the smaller peak currents of the reduc tion peak as compared to the oxidation peak of 1 at identical concentrations. The differences, how ever, are within the experimental uncertainties found in cyclic voltam mogram s o f 1 upon repeti tion.
From these experimental results -in particular the identity o f the formal potentials starting from 1 and 3 in two solvents -it follows that the dimeric chloride dissociates into the ions Co(III)(salen)+ and C1" in electron donor solvents such as D M F or pyridine. The dissociation equilibrium (5) [Co(III)(salen)Cl]2 ^ 2 [Co(salen)]+ + 2 Cl" (5) is shifted far to the right hand side.
Furtherm ore, it follows that Co(II)(salen) and Co(III)(salen)+ are indeed the two partners of a simple redox equilibrium (1) . O f course, both spe cies are additionally complexed with D M F or pyri dine molecules as has been shown earlier [5] , No other chemical reaction, however, is coupled be tween the oxidation of 1 and the subsequent reduc tion of the Co(III) complex if starting from 1 or the reduction of the Co(III) cation and the subse quent oxidation of the Co(II) species if starting from 3.
The electrochemical reduction o f Co(III) Schiffbase chelates in the form of the perchlorates in pyridine has been reported by Averill and Broman [9] and -after in situ electrolytic generation from the Co(II) complex without isolation of the Co(III) species -by Hanzlik et al. [23] , In the pre sent study, through the com parison of the oxida tion of 1 and the reduction of the Co(III)(salen)+ cation, however, the unim portance of the associa tion of the cation with the anion (here C1") be comes obvious.
The electrochemical results presented here are of particular interest for the analysis of the reactions of Co(salen) type oxygenation catalysts in various donor solvents, since they show that it is possible to investigate the redox process starting from the Co(III) species. This allows to study the solvent ex change equilibria in the Co(III) state which are part of the basic reaction steps for the oxygenation with Co(salen). Further experiments in solvent mixtures are currently under way and will be dis cussed elsewhere.
Conclusions
Crystalline and pure samples of N,N'-bis-(salicylidene)ethylenediaminatocobalt(III) chloride can be prepared in a simple procedure. The crystal structure of the com pound reveals dimeric units with oxygen bridges. The dimer dissociates into Co(III)(salen)+ and chloride ions in solvents such as D M F and pyridine. The Co(III) Schiff-base cation is reduced to Co(II)(salen) in a quasireversible process, which is the reaction reverse to the electrochemical oxidation of 1.
